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1  Introduction
Ocean	sediments	and	polar	ice	cores	have	provided	invalu-
able	 insights	 into	 the	 climate	 system,	 its	 natural	 variabil-
ity,	 forcings	 and	 mechanisms	 over	 the	 last	 few	 decades.	
However,	 it	 is	 the	 terrestrial,	 non-polar	 regions	 that	 pro-
vide	most	of	the	ecosystem	services	that	we	depend	on.	In	
view	 of	 global	 warming	 and	 the	 anticipated	 negative	 ef-
fects	 for	 ecosystems	 and	 economies,	 increasing	 scientific	
efforts	should	focus	on	reconstructing	past	climate	and	en-
vironmental	 conditions	 on	 land.	We	 need	 a	 profound	 un-







The	 typical	 succession	of	 loess	 and	paleosols	 generally	 re-
flects	glacial	and	interglacial	periods,	respectively,	and	thus	
the	characteristic	climate	variability	of	the	Quaternary,	the	
last	 ~2.6	Ma.	The	 international	‘Loessfest	 2009’	 (Markovic	
2011)	in	Novi	Sad,	Serbia,	recently	provided	a	platform	for	
presenting	scientific	results,	for	discussing	new	methodolog-
ical	developments,	and	strengthening	 the	 international	 co-
operation	in	loess	research.	An	overview	over	the	progresses	
made	during	 the	 last	decade	 is	provided	 in	Zöller	 (2010).	
Emphasis	 therein	was	mainly	 put	 on	 the	 developments	 of	
the	dating	methods,	as	well	as	on	high-resolution	magnetic	
susceptibility	 and	 grain-size	 measurements,	 because	 these	
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allow	 detailed	 reconstructions	 of	 pedogenesis	 and	 wind	
strength.
The	 aim	 of	 this	 review	 is	 to	 elaborate	 further	 on	 the	
most	 recent	 proxy	 developments.	 Our	 motivation	 stems	
from	 the	 anticipation	 that	 sophisticated	 analytical	 equip-
ment,	 including	 HPLC	 (high	 performance	 liquid	 chroma-
tography)	 and	 GC-IRMS	 (gas	 chromatography	 –	 isotope	
ratio	mass	spectrometry),	will	become	more	widely	availa-
ble	and	boost	loess	research	over	the	next	decade.	The	new	
tools	 will	 provide	 valuable,	 complementary	 paleoclimate	
and	 paleoenvironmental	 proxies.	 In	 this	 review,	 we	 can	
only	 give	 an	 overview	 over	 the	 principles	 of	 the	 proxies	
that	we	are	currently	working	on,	so	by	no	means	it	should	
be	considered	 to	cover	 the	 full	 range	of	 interesting,	prom-
ising,	 new	methods.	The	 potential,	 as	 well	 as	 the	 current	
limitations	 of	 the	 presented	methods	will	 be	 illustrated	 in	
selected	case	studies.
2  Biomarkers and compound-specific stable isotope  








be	 extracted	 and	analyzed	 in	paleosols	 to	 reconstruct	 past	




with	 an	 (i)	 extraction	 or	 hydrolysis	 step.	 For	 example,	 li-
pid	 biomarkers	 are	 extracted	 from	 soil/sediment	 samples	
with	 organic	 solvents	 traditionally	 using	 Soxhlet	 appara-
tuses	 and	 biomarkers	 that	 form	 macromolecules	 such	 as	
aminoacids	 (in	proteins)	or	 sugars	 (in	polysaccharides)	are	
hydrolytically	released	using	acids.	 (ii)	Subsequently,	there	
commonly	 follow	various	purification	steps	e.g.	 to	 remove	
interfering	 cations.	 (iii)	 Quantification	 of	 the	 individual	
molecules	 is	 in	many	 cases	 carried	 out	 via	 gas	chromato-
graphy	(GC)	coupled	to	flame	ionisation	detectors	(FID)	or	
to	mass	spectrometers	(MS).	Frequently,	molecules	have	to	
be	 derivatised	 to	 be	measurable	 via	GC	 because	 they	 are	
low-volatile	or	not	volatile	at	all.	For	instance,	transforma-
tion	 of	 hydroxyl	 groups	 into	 trimethylsilyl-(TMS-)deriva-
tives	using	e.g.	N,O-Bis(trimethysilyl)fluoroacetamid	 (BST-
FA)	increases	the	volatileness	of	molecules	by	disabling	hy-
drogen	 bonds.	 But	 as	 HPLC	 becomes	 more	 common	 and	
available,	this	step	is	not	necessary	any	more	for	those	bio-
markers	that	can	be	measured	via	HPLC.






ly,	 the	 abundance	 of	 heavy	 versus	 light	 isotopes	 (13C/12C	
and	 15N/14N,	 respectively)	 in	 these	 gases	 is	 directly	 deter-





















Fig. 1: Correlation of compound-specific δ13C (shown here are nC27 and nC33) with bulk δ13C (on total organic carbon, TOC) in a sediment core from Ar-
gentina (Zech et al. 2009b). The higher amplitude for δ13C of nC33 compared to δ13C of nC27 reflects the dominant origin of nC33 from C3- or C4-grasses, 
whereas nC27 primarily derives from C3 trees and shrubs.
Abb. 1: Korrelation von substanz-spezifischen Alkan-δ13C-Werten (dargestellt für nC27 und nC33) mit Gesamt-δ13C-Werten  (Gesamt organischer Kohlen-
stoff, TOC) für einen Sediment-Bohrkern aus Argentinien (Zech et al. 2009b). Die größere Amplitude von δ13C für nC33 verglichen mit δ13C von nC27 kann 
damit erklärt werden, dass nC33 überwiegend von C3- oder C4-Gräsern stammt, wohingegen nC27 hauptsächlich von C3 Bäumen und Sträuchern stammt.



















A	more	 sophisticated	 analytical	 approach	 is	 the	 combi-




biomarkers	 eluting	 successively	 from	 the	 GC-column	 can	




values	 of	 all	 individual	 plant	 leaf-wax	 derived	 n-alkanes	
nC27,	 nC29,	 nC31	 and	nC33	 correlate	 significantly	with	 bulk	
d13C.	However,	the	isotopic	variations	are	most	pronounced	
for	nC31	and	nC33	(Fig.	1),	which	corroborates	the	fact	that	









is	 no	 surprise	 that	 various	 kinds	 of	 archives	 and	chemical	
Fig. 2: Correlation between δ18O of monthly precipitation and surface air temperature for the IAEA/WMO network stations situated between 40 °N and 
60 °N (from Araguas-Araguas et al. 2000, Fig. 4a).
Abb. 2: Korrelation von δ18O im monatlichen Niederschlag mit Lufttemperatur für IAEA/WMO Klimastationen zwischen 40 °N und 60 °N (aus Araguas-
Araguas et al. 2000, Abb. 4a).
Fig. 3: Principle of bulk TC/EA-IRMS δD and δ18O analyzes. All hydrogen/oxygen atoms of a sample are converted at high temperature into hydrogen 
(H2) / carbon monoxide (CO), for which δD and δ18O are determined ‘online’ via a coupled IRMS by detecting the masses m/z 2 and 3, and m/z 28 and 30, 
respectively.
Abb. 3: Prinzip von Gesamt TC/EA-IRMS δD und δ18O Analysen. Alle Wasserstoff-/Sauerstoff-Atome einer Probe werden bei hoher Temperatur in Wasser-
stoff- (H2) / Kohlenmonoxid- (CO) Gas umgewandelt. Mittels eines ‚online’ gekoppelten IRMS werden für diese Gase die δD bzw. δ18O-Werte durch Detek-
tion der Massen m/z 2 und 3 bzw. m/z 28 and 30 gemessen.
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compounds	that	record	the	deuterium	and	18O	signatures	of	
precipitation	have	been	targeted	extensively	in	paleoclimate	





















COOH	 (carboxyl-)	 groups,	where	 the	 isotopes	will	 equili-
brate	(post-depositionally)	with	the	ambient	soil	water.	We	
will	discuss	ways	to	overcome	these	problems	further	below.
3  Novel methodological approaches 
3.1  Plant leaf-wax derived n-alkanes 
n-Alkanes	 with	 25	 to	 33	 carbon	 atoms	 (nC25–nC33)	 and	 a	
strong	 odd-over-even	 	 predominance	 (OEP)	 are	 important	
constituents	 of	 cuticular	 plant	 leaf	 waxes	 (Eglington	 &	
Hamilton	 1967;	 Kolattukudy	 1976).	With	 the	 litter-fall	
they	 are	 deposited	 and	 stored	 in	 soils	 and	 sediments,	 for	
example	 in	 aeolian	 sediments,	where	 they	 are	 assumed	 to	






and	allochthonous	 (terrestrial)	organic	matter	 in	 lake	sedi-




























terns	change	 over	 time	 and	 that	 a	 correction	 procedure	 is	
necessary	to	account	for	this	degradation	effect	and	to	avoid	
deceptive	 interpretations	 when	 reconstructing	 vege-tation	
changes	from	sedimentary	n-alkanes.	Two	correction	proce-
Fig. 4: GC-FID n-alkane chromatogram for a loess sample from Crvenka, Serbia. The highest abundance of nC31 indicates a former vegetation cover domi-
nated by grasses; the relatively higher abundance of nC27, nC29, nC31 and nC33 compared to nC26, nC28, nC30 and nC32 is called odd-over-even predomi-
nance (OEP) and indicates little degradation.
Abb. 4: GC-FID n-Alkan-Chromatogramm für eine Lössprobe aus dem Profil Crvenka, Serbia. Die Dominanz des Alkans nC31 belegt, dass die frühere 
Vegetation überwiegend aus Gräsern bestand; das stärkere Auftreten von nC27, nC29, nC31 und nC33 verglichen mit nC26, nC28, nC30 und nC32 bezeichnet 
man als odd-over-even predominance (OEP) und ist charakteristisch für wenig stark degradiertest pflanzliches Ausgangsmaterial.




























for	 instance	 to	 leaf	 and	 needle	 aging	 (Prügel	 et	 al.	 1994)	





which	 increases	 the	 confidence	 that	 degradation-corrected	
n-alkane	 patterns	 can	 be	 used	 to	 reconstruct	 past	changes	






absence	 of	 strong	 post-sedimentary	 overprinting	 of	 the	
original	 organic	matter	 signal.	We	highly	 acknowledge	 ef-
forts	aiming	at	quantifying	such	effects	and	point	 to	 stud-
ies	published	by	Gocke	et	al.	 (2010)	for	rhizoliths	in	loess.	
The	 authors	 found	 that	 the	 n-alkane	 patterns	 of	 rhizolith	









Fig. 5: A) End member modelling approach for the n-alkane ratio (nC31+nC33)/(nC27+nC29). Based on modern plant and soil n-alkane ratios, degradation 
lines are calculated using the OEPs as degradation proxy. The percentage of trees and grasses contributing to a loess-paleosol sample is estimated by the 
quotients b/c and a/c, respectively. B) Pedostratigraphy of the Crvenka LPS in Northern Serbia and modelling results for the contribution of tress and 
grasses (adopted from Zech et al. 2009a).
Abb. 5: A) End Member Modell für das n-Alkanverhältnis (nC31+nC33)/(nC27+nC29). Basierend auf n-Alkanverhältnissen von rezenten Pflanzen und Bö-
den werden Degradationslinien ermittelt. Die OEP-Werte dienen dabei als Proxy für den Degradationsgrad. Die Anteile von Baum- bzw. Gras-n-Alkanen 
zu einer LPS-Probe lassen sich anhand der Quotienten b/c bzw. a/c abschätzen. B) Pedostratigraphie der LPS Crvenka in Nordserbien und Modellierungs-
Ergebnisse für die Anteile von Bäumen im Vergleich zu Gräsern (aus Zech et al. 2009a).
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highly	encourage	further	investigations	especially	applying	
compound-specific	14C-dating	of	different	biomarkers	in	LPS	
for	 which	 independent	 and	 high	 resolution	 luminescence	
dating	of	the	sedimentary	history	is	available.	












(Fig.	 6).	 It	 has	 therefore	 been	 suggested	 that	D/L-ratios	 of	















depositional	 amino-acid	 losses	 or	 contamination	are	mini-
mal	(Penkman	et	al.	2008).	Amelung	&	Zhang	(2001),	how-












lung	 (2003)	 suggested	 that	 aspartic	 acid	 (asp)	 and	 lysine	
(lys)	are	the	most	suitable	amino	acids	for	dating	purposes	
in	soils.	
Case study: Temperature reconstruction in Siberia
Zech	et	al.	(2008b)	applied	the	method	of	Amelung	&	Zhang	
(2001)	to	10	selected	samples	from	a	Siberian	permafrost	LPS	









C2	 and	 E	 are	 correlated	with	 interglacial/-stadial	 periods.	







ratios).	This	 is	 in	 agreement	with	 findings	 from	Amelung	
(2003),	who	 furthermore	 emphasised	 that	 lysine	 racemiza-



















Fig. 6: Principle of amino acid geochronology: A) Time- and temperature-dependent racemization reaction. B) Exponential functions describing the time-de-
pendency of racemization; t1/2 = half-life time, L0 = initial amount of L-enantiomers, D/L = ratio of D- to L-enantiomers (from Wagner 1998, p. 342, Fig. 142). 
Abb. 6: Prinzip der Aminosäure-Geochronology: A) Die zeit- und temperaturabhängige Gleichgewichtsreaktion der Razemisierung. B) Exponentielle Funk-
tionen die die Zeitabhängigkeit der Razemisierung beschreiben; t1/2 = Halbwertszeit, L0 = Anfangsgehalt des L-Enantiomers, D/L = Verhältnis von D- zu 
L-Enantiomeren (aus Wagner 1998, Seite 342, Abb. 142). 
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amino	acid	racemization.	Consequently,	Zech	et	al.	(2008b)	
suggest	 that	 the	 higher	 D/L	 ratios	 that	 characterize	 the	
brown	Units	A,	C1	and	C3	are	primarily	the	result	of	higher	
temperatures	during	formation	of	the	respective	paleosols.
Based	 on	 these	 results,	 we	 see	 high	 potential	 for	 the	
amino	 acid	 racemization	 method	 to	 provide	 a	 paleotem-
perature	 proxy	 in	 LPS.	 A	 high	 sampling	 resolution	might	
also	 help	 depicting	 sedimentary	 hiatuses,	 which	 should	
yield	abrupt	increases	of	the	D/L	ratios	with	depth.	Unfor-
tunately,	 the	 described	method	 is	 relatively	 laborious	 and	
will	require	some	further	optimisation,	particularly	for	the	
application	 to	 organic-poor	 loess	 samples.	 An	 important	
step	would	probably	be	already	made	when	using	a	HPLC	
instead	 of	 a	 GC	 system,	 because	 that	 will	 supersede	 the	
derivatization	step.	
Fig. 7: Stratigraphy and tentative chronostratigraphy of the Tumara LPS, NE-Siberia. D/L-ratios for Asp and Lys increase with depth, reflecting the time 
dependency of the racemization. Higher ratios in the brown units compared to lower ratios in the dark units are suggested to reflect the temperature de-
pendency of amino acid racemization (from Zech et al. 2008b).
Abb. 7: Stratigraphie und Chronostratigraphie der LPS Tumara, NO-Sibirien. D/L-Verhältnisse für Asp and Lys werden mit zunehmender Tiefe weiter. Dies 
spiegelt die Zeitabhängigkeit der Razemisierung wider. Weitere Verhältnisse in den braunen Paläoböden verglichen mit den dunklen Paläoböden lassen sich 
mit der Temperaturabhängigkeit der Razemisierung erklären (aus Zech et al. 2008b).







ing,	new	approaches	 to	quantitatively	 reconstruct	past	 cli-
mate	and	environmental	variability	from	various	geological	
archives.	The	TEX86,	for	example,	is	a	new	paleotemperature	
proxy	 based	 on	 the	 cyclicity	 of	 isoprenoid	GDGTs,	which	
are	mainly	derived	from	Archaea	living	in	oceans	and	lakes	
(Schouten	et	al.	2002;	Kim	et	al.	2008;	Powers	et	al.	2010).	
Although	 it	 has	 meanwhile	 been	 found	 that	 isoprenoid	
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GDGTs	also	occur	in	soils,	another	proxy,	the	BIT	(branched	
versus	isoprenoid	GDGTs),	has	been	suggested	to	allow	the	
quantification	 of	 terrestrial	 versus	 autochthonous	 organic	
matter	in	lacustrine	and	marine	sediments	(Schouten	et	al.	
2002).	This	 index	 is	 further	 based	 on	 the	 original	 assump-
tion	that	branched	GDGTs	are	only	derived	from	soil-thriv-
ing	 bacteria.	Meanwhile,	 however,	 it	 has	 been	 found	 that	








90	 globally	 distributed	 locations	 has	 shown	 that	 branched	




0.82)	 (Weijers	 et	 al.	 2007).	 Local	 calibration	 studies	 along	
altitudinal	 transects	at	Mt.	Kilimanjaro,	Tanzania,	 and	Mt.	
Gongga,	China,	have	meanwhile	corroborated	the	suggested	






is	 evidence	 that	 branched	GDGTs	are	 also	produced	auto-
chthonously	 in	 lakes	 and	 oceans,	 which	 prevents	 robust	








umn	 using	 e.g.	 hexane:dichloromethane	 (DCM)	 (9:1)	 and	
DCM:Methanol	 (1:1),	 and	 (iii)	 filtering,	 prior	 to	 quantifi-
cation	 of	 the	 various	GDGTs	by	HPLC/atmospheric	 pres-
sure	 chemical	 ionization-mass	 spectrometry	 (APCI-MS).	
So-called	selective	ion	monitoring	allows	detecting	specific	
molecular	masses,	i.e.	specific	GDGT	molecules	(Fig.	8).	
Case studies: Application of GDGT indices to the Tumara 
LPS, Siberia, and Crvenka LPS, Serbia
The	first	 case	 study	 presents	GDGT	 results	 from	 the	Tu-
mara	 LPS	 (Fig.	 9).	 The	 BIT	 indices	 are	 generally	 high	
(>0.84),	 which	 is	 in	 agreement	 with	 the	 notion	 that	
branched	 GDGTs	 are	 mainly	 derived	 from	 soil-thriving	
Fig. 8: Chemical structures of the branched GDGTs (left), and total and selective ion mass [M+H]+ chromatograms for a soil sample (modified after Weijers 
et al. 2007).
Abb. 8: Chemische Strukturen für verzweigte GDGTs (links), und Chromatogramme für die Gesamtmasse bzw. einzelner Massen [M+H]+ für eine Boden-
probe (abgeändert nach Weijers et al. 2007).
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bacteria.	 The	 MBT	 indices	 range	 from	 0.08	 to	 0.32,	 and	
the	CBT	ranges	 from	0.24	 to	0.95.	This	 translates	 into	 re-
constructed	 MAAT	 between	 -8.7	 and	 3.8°C,	 and	 soil	 pH	
between	6.3	and	8.1.	
Replicate	 measurements	 of	 a	 soil	 standard	 (“Yong-
song’s	 garden”)	 throughout	 the	 course	 of	 the	 measure-
ments	 indicate	 laboratory	 precision	 of	 0.2°C	 for	 MAAT,	
and	 0.01	 for	 pH.	 However,	 much	 higher	 uncertainties	




the	global	calibration	data	 set.	Although	a	 recent	 study	 in	
Svalbard	 indicates	 that	mean	 annual	 air	 temperatures	 be-
low	0°C	may	be	 successfully	 reconstructed	using	branched	
GDGTs	 (Peterse	 et	 al.	 2009a),	 comparison	 of	 our	 upper-
most	 sample	 (-1.7°C)	with	 estimated	MAAT	of	 ~-15°C	 sug-
gests	a	significant	positive	bias.	At	this	stage,	we	can	only	
speculate	 that	 the	 observed	 discrepancy	 might	 be	 due	 to	
seasonal	 (summer)	 growth	 of	 the	 soil	 bacteria,	 differences	
between	MAAT	 and	 soil	 temperatures,	 or	 other	 unknown	
methodological	shortcomings.
(ii)	 Analytical	 challenges	 regarding	 the	 new	 proxies	
have	become	evident,	because	one	of	the	target	compounds	
(m/z	1050,	 III	 in	Fig.	10a),	which	is	generally	characterized	
Fig. 9: Pedostratigraphy of the Tumara LPS, NE-Siberia, GDGT indices MBT, CBT and BIT, and reconstructed temperatures and soil pH. While the recon-
structed relative interglacial-glacial temperature variability in the upper 7 m of the profile is in agreement with the expected temperature variability 
derived from the chronostratigraphy, reconstructed temperatures for the presumably penultimate glacial Unit D seem to be too high.
Abb. 9: Pedostratigraphie der LPS Tumara, NO-Sibirien, GDGT Kennzahlen MBT, CBT und BIT, sowie die rekonstruierten Temperaturen und Boden pH-
Werte. Während die rekonstruierten relativen interglazial-glazial Temperaturschwankungen in den oberen 7 Metern des Profils der Chronostratigraphie 
übereinstimmen, scheinen die rekonstruierten Termperaturen im vorherigen, älteren Glazial zu hoch zu sein.
by	 a	 minor	 “contamination”	 shoulder	 on	 the	 right	 side,	
turned	out	to	be	dominated	by	that	“contamination”	(com-
pound	III,	probably	an	 isomer	of	 III	 (Weijers	et	al.	2010)).	
When	coupling	 two	HPLC	columns	 to	achieve	better	peak	
separation,	 it	 is	 possible	 to	 quantify	 the	 two	 compounds	
individually	(Fig.	10b,	Y.	Huang,	pers.	comm.).	However,	no	
calibration	studies	are	available	yet	that	take	the	separated	
compounds	 into	 account.	Moreover,	 other	 target	 peaks	 al-
so	 turned	out	 to	consist	of	multiple,	yet	unidentified	com-
pounds.	 Clearly,	 further	 research	 is	 necessary	 to	 improve	
compound	separation	and	identification.
	 (iii)	 There	 are	 two	 other	 effects	 that	 might	 constrain	
the	 applicability	 of	 GDGT-based	 reconstructions	 in	 loess-
paleosols,	which	we	refer	 to	here	as	“changing	community	
effect”	 and	“growth	 depth	 effect”:	The	 first	 one	 addresses	
the	possibility	 that	changes	 in	the	GDGT-producing	bacte-
rial	 communities	 could	 result	 in	changes	 in	 the	 structural	
composition	 of	 the	 membrane	 lipids	 without	 necessarily	
reflecting	 changes	 in	 environmental	 conditions.	 In	 that	
sense,	 as	 long	 as	 the	GDGT-producing	 organisms	 are	 not	
identified,	cultured	and	tested	individually,	we	have	to	rely	
on	 empirical	 calibration	 studies	 as	 they	 exist	 today	 even	
if	 they	 do	 not	 fully	 capture	 all	 possible	 factor	 affecting	
GDGD	distributions.
The	“growth	depth	 effect”	has	 to	do	with	 the	 fact	 that	we	
[°C]
179E&G / Vol. 60 / No. 1 / 2011 / 170–187 / DOI 10.3285/eg.60.1.12 / © Authors / Creative Commons Attribution License
A) B)
Fig. 10: Total ion chromatogram of one of the Siberian samples, illustrating the existence of two isomers III and III* for m/z 1050. A) Standard chromato-
gram and B) chromatogram with improved peak separation.
Abb. 10: Beispiel für ein HPLC Chromatogramm der siberischen Proben. Es zeigt das Vorhandensein von zwei Isomeren mit der Massenzahl m/z 1050 (III 
und III*). A) Standardchromatogramm und B) Chromatogramm mit verbesserter Peak-Trennung.
still	 know	 very	 little	 about	 the	 soil	 bacteria’s	 ecology,	 in-
cluding	 for	 example	 the	 soil	 depth	 at	 which	 the	 bacteria	
thrive	 and	 produce	 GDGTs.	 A	 non-negligible	 subsurface	
production	of	GDGTs	 could	 thus	 result	 in	 an	 overprint	 of	
‘older’	 paleo-environmental	 signals	 at	 depth.	 The	 growth	
depth	 effect	might	 limit	 the	 temporal	 resolution	 of	 recon-
structions,	mute	the	variability	of	 the	real	signal,	and	ren-
der	‘absolute’	 reconstructions	 very	challenging	 from	 loess-
paleosols	LPS.					
With	 these	methodological	 limitations	 in	mind,	 the	 in-
terpretation	 of	 paleo-data	 should	 be	 very	 cautious.	 Our	
first	 case	 study	 from	 Siberia	 shows	 that	 Unit	 A	 and	 C,	
which	were	most	likely	deposited	during	the	Holocene	and	
the	 Eemian,	 respectively,	 are	 characterized	 by	 higher	 re-
constructed	 temperatures	 than	 the	 glacial	 Unit	 B	 (Fig.	 9).	
Although	the	absolute	MAAT	are	likely	overestimated	sys-
tematically,	 the	 glacial-interglacial	 temperature	 difference	
of	 ~10°C	 is	 reasonable.	 One	 could	 also	 speculate	 that	 the	
last	 glacial	 pattern	 is	 real,	 with	 coldest	 conditions	 during	
Marine	 Isotope	 Stage	 (MIS)	 2	 and	 4	 and	 slightly	 warmer	
conditions	 during	MIS3.	 Surprising	 features,	 however,	 are	
(i)	 relatively	 warm	 conditions	 during	 MIS2	 compared	 to	
MIS4,	(ii)	Unit	C	not	displaying	a	commonly	expected	tem-
perature	 peak	maximum	 for	MIS5e	 (Unit	 C3,	 Fig.	 9),	 and	
(iii)	‘too	warm’	 reconstructed	 temperatures	 for	 the	 penul-
timate	glacial	Unit	D.	Provided	that	the	presented	chronos-
tratigraphy	 of	 the	Tumara	 LPS	 is	 correct,	 our	 results	 sug-
gest	 that	 the	 growth	 depth	 effect	 might	 have	 overprinted	
and	muted	 the	 paleo-signals,	 i.e.	 warm	 conditions	 during	




In	 our	 second	 case	 study	 for	GDGTs,	 unpublished	data	
from	 the	Crvenka	LPS	 (Fig.	 11),	pose	 similar	challenges	 to	
a	 robust	 interpretation	of	GDGT	 indices.	Here,	 the	 topsoil	
samples	 show	 reconstructed	 MAAT	 of	 ~15°C,	 which	 is	 in	
reasonable	 agreement	 with	 estimated	 MAAT	 of	 11°C,	 al-
though	with	a	slight	bias	to	too	high	temperatures.	Subsur-
face	samples	reach	20°C	reconstructed	temperatures,	which	
might	 indeed	 reflect	 warmer	 conditions	 during	 the	 mid-
Holocene	 optimum.	 However,	 reconstructed	 temperatures	
remain	 very	 high	 in	 the	 underlying	MIS2	 loess	 (V	 L1L1).	
As	above,	we	speculate	that	this	might	reflect	that	GDGTs	
were	 produced	 during	 the	 Holocene	 at	 depth	 and	 thus	
overprinted	 the	 cold,	 glacial	 signal.	 While	 reconstructed	
temperatures	 drop	 to	 values	 as	 low	 as	 ~4°C	 deeper	 in	 the	
profile,	 which	 would	 be	 reasonable	 in	 terms	 of	 expected	
glacial-interglacial	 temperature	 variability,	 reconstruc-
ted	 lowest	 temperatures	 also	 characterize	 the	 interglacial	




In	 summary,	we	 advise	 caution	when	 interpreting	GDGT-
derived	 proxies	 from	 LPS.	 GDGT	 analyzes	 are	 a	 promis-
ing	new	tool	for	paleoclimate	reconstruction,	but	there	are	
many	 yet	 unresolved	 questions	 that	 need	 to	 be	 addressed	
before	 robust	 conclusions	 can	 be	 inferred	 from	 respective	
proxies.
3.4  Compound-specific δD-analyzes of n-alkanes 
As	discussed	earlier,	both	dD	and	d18O	have	a	high	potential	
for	 paleoclimatic	 reconstructions.	 Albeit	 with	 certain	 bio-
synthetic	 fractionation	 factors,	 plant	 photosynthetic	 prod-
ucts	incorporate	the	isotopic	climate	signal	of	precipitation,	
because	their	dD	values	are	related	to	the	source	water	dD	
values	 (Sternberg	1988;	 Sessions	et	 al.	 1999;	 Sauer	et	 al.	
2001;	Sachse	et	al.	2004).	During	soil	organic	matter	forma-
tion,	this	climate	signal	is	also	inherited	by	soils.	However,	
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injection
GC Pyrolysis reactor IRMSCxHyOz x-z C +
y/2 H2
z CO
Fig. 12: Principle of compound-specific δD- and δ18O-analysis of biomarkers using GC-Py-IRMS. Biomarkers eluting successively from the GC-column are 
converted “online” in a pyrolysis reactor to hydrogen (H2) and carbon monoxide (CO) and the isotopic composition of these gases are determined directly 
in a coupled IRMS.
Abb. 12: Prinzip der substanz-spezifischen δD- und δ18O-Analytik von Biomarkern mittels GC-Py-IRMS. Die nacheinander von der GC-Säule eluierenden 
Biomarker werden im ‘online’ Verfahren in einem Pyrolysreaktor in Wasserstoff- (H2) und Kohlenmonoxid-Gas (CO) umgewandelt. Die Isotopenzusam-
mensetzung dieser Gase wird in einem direkt gekoppelten IRMS gemessen.
Fig. 11: Pedostratigraphy of the Crvenka LPS in Northern Serbia, GDGT indices MBT, CBT and BIT, and reconstructed temperatures and soil pH. Similar 
to the Tumara LPS, reconstructed GDGT temperatures are not always in agreement with what can be expected from the chronostratigraphy, e.g. lowest 
reconstructed temperatures coincide with the presumably last interglacial Eemian soil V S1. Possibly, the “growth depth effect” prevents a simple interpre-
tation of GDGT proxies in LPSs. 
Abb. 11: Pedostratigraphie der LPS Crvenka in Nordserbien, GDGT Kennzahlen MBT, CBT und BIT, und rekonstruierte Temperaturen und Boden pH-
Werte. Ähnlich wie bei der LPS Tumara, stimmen die rekonstruierten GDGT-Temperaturen nicht immer mit der Chronostratigraphie überein. Insbesonde-
re überraschen die für den vermutlich letzt-interglazialen Eemboden V S1 rekonstruierten niedrigen Temperaturen. Eine einfache Interpretation der neuen 








ably	 the	 most	 useful	 biomarkers	 to	 target,	 because	 they	
are	 well-preserved	 in	 sediments	 and	 soils	 (Lichtfouse	 et	




Of	course,	ultimately,	one	has	 to	 take	 into	account	 that	
evaporative	 enrichment	of	 soil	 and	plant	water,	 as	well	 as	
biosynthetic	 fractionation	 are	 also	 important	 factors	 con-
trolling	 the	 isotopic	 signature	 of	 the	 targeted	 biomarker	
(Schmidt	et	al.	2001;	Liu	et	al.	2006;	Smith	&	Freeman	2006;	
Barbour	2007;	Hou	et	al.	2007;	Feakins	&	Sessions	2010).
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Two case studies: Paleoclimate reconstructions from Tu-
mara and Crvenka






reconstruction	 for	 the	 Tumara	 LPS	 in	 Northeast	 Siberia	












those	units	were	deposited	during	 cold,	 glacial	 conditions.	
More	positive	values	(>-250‰)	characterize	the	Units	A,	C1,	






















2.9‰	 for	 the	 external	 standards	 nC27	 and	C29,	 respectively	


















precisely	 a	higher	 ratio	 of	 evaporation	 to	 precipitation).	 In	





this	 interpretation	 arose	 from	 lake	 level	 reconstructions	 of	
Lake	Lisan,	a	glacial	freshwater	lake	occupying	the	Dead	Sea	
region	(Lisker	et	al.	2009).	As	it	turned	out,	the	speleothem	









ing	moisture	 source	 areas	might	 have	 affected	 our	 record,	
though	this	effect	is	difficult	to	quantify.
Fig. 13. Stratigraphy, organic carbon content (Corg) and δD measured on 
the n-alkanes nC27, nC29 and nC31 (in blue, red and green; the mean value 
is displayed in grey) from the Tumara LPS. More negative δD-values are 
interpreted to reflect colder paleotemperatures. Correlation with marine 
isotope stages (MIS) is shown to the right (Zech et al. 2010b).
Abb. 13. Stratigraphie, organischer Kohlenstoffgehalt (Corg) und ermittelte 
δD-Werte für die n-Alkane nC27, nC29 und nC31 (in blau, rot und grün; Mit-
telwerte in grau) der LPS Tumara. Stärker negative δD-Werte lassen sich 
mit kälteren Paläotemperaturen erklären. Die Korrelation mit den Marinen 
Isotopen Stadien (MIS) ist rechts dargestellt (aus Zech et al. 2010b).
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Fig. 14: Stratigraphy and δD of nC29 and nC31 from the Crvenka profile, compared to the δD record from Vostok and the δ18O record from the Soreq/Piqiin 
speleothems (scaled to reflect respective δD changes based on the meteoric water line). Many factors, such as temperature, changes in precipitation, atmos-
pheric circulation patterns, source effects and evaporative isotopic enrichment, need to be considered for the interpretation of the LPS δD-values. 
Abb. 14: Stratigraphie und δD-Werte der n-Alkane nC29 und nC31 der LPS Crvenka. Im Vergleich dazu die δD-Kurve des Vostok Eisbohrkerns und die δ18O-
Kurve der Soreq/Piqiin Speläothemen (umgerechnet auf entsprechende δD-Werte anhand der Meteoric Mater Line). Zahlreiche Faktoren, z.B. Temperatur, 
Niederschlagsmenge, Veränderungen der atmoshärischen Zirkukation, Quell-Effekte und Isotopenanreicherung durch Verdunstung müssen bei der Inter-
pretation der LPS δD-Ergebnisse berücksichtigt werden. 
It	should	be	acknowledged	at	this	point,	that	a	detailed,	
robust	deconvolution	of	all	 these	 factors	 is	not	 trivial.	Ne-
vertheless,	we	would	 like	 to	 point	 to	 a	 second	 interesting	
feature	of	 our	 record.	The	 temperature	difference	between	
the	 Holocene	 and	 the	 Eemian	 basically	 accounts	 already	
for	 the	 differences	 in	 alkane	 dD.	This	might	 indicate	 that	
the	 Mediterranean	 source	 water	 effect,	 from	 which	 one	
would	 infer	 more	 positive	 isotope	 values	 during	 the	 Ho-
locene,	was	offset	by	other	factors,	for	example	differences	
in	aridity.	 If	correct,	 this	might	document	that	the	Eemian	






mental	changes,	 but	 that	 deconvolving	 the	 various	 factors	
influencing	 dD	 can	 be	 challenging.	 Apart	 from	 tempera-
ture,	changes	 in	precipitation,	atmospheric	 circulation	pat-
terns	and	source	effects	should	be	taken	into	consideration.	
3.5  Compound-specific δ18O-analyzes of    
 monosaccharides 
Similar	to	deuterium,	the	18O	concentration	in	precipitation	
depends	on	 climatic	 factors	 and	 therefore	has	high	poten-
tial	as	paleoclimate	proxy	in	appropriate	archives.	Likewise,	
however,	bulk	soil	or	 sediment	 isotope	analyzes	using	TC/
EA-IRMS	have	 the	disadvantage	 that	many	different	 inor-
ganic	 (carbonates,	 water	 from	 clay	minerals)	 and	 organic	
pools	 contribute	 to	 the	 pyrolytically	 produced	 CO,	 which	





records	 from	 pedogenetic	 carbonates,	 mollusc	 shells,	 and	
crystal	water	in	clay	minerals	(Kuleshov	&	Gavrilov	2001;	
Pustovoytov	&	Terhorst	 2004).	However,	 in	 contrast	 to	
carbonates	from	stalagmites,	it	is	much	more	difficult	to	get	
well	dated	and	continuous	records,	with	potential	recrystal-





nose	 and	galactose),	 deoxyhexoses	 (fucose,	 rhamnose)	 and	
pentoses	(xylose,	arabinose)	are	plant	and	microbial	biomar-














of	 organic	 contaminants)	 and	 Dowex-	 (cation	 exchange	
resins)-columns
-	 derivatization	 of	 the	 monosaccharides	 in	 order	 to	 make	
them	GC-amenable





As	quality	 tests	 during	 the	measurements,	 the	 authors	 re-
commend	 to	 regularly	 (i)	 co-analyze	 not	 only	 the	masses	
m/z	 28	 and	 30	 (C16O	 and	C18O,	 respectively),	 but	 also	 the	
masses	m/z	44	and	46	(C16O2	and	C16O18O)	in	order	to	mini-
mize	 isotope	 fractionation	 effects	 due	 to	 not	 quantitative	
CO-production	 (ii)	 co-analyze	 n-alkanes	 in	 order	 to	check	




concentrations	 in	 order	 to	check	 for	 amount-effects	 of	 the	
d18O	measurements	and	 to	stick	as	close	as	possible	 to	 the	
‘Principle	of	Identical	Treatment’	of	samples	and	standards.
Of	 course,	 when	 interpreting	 d18O	 records	 from	 LPS,	 one	




cal	 fractionations,	 too	 (Scheidegger	 et	 al.	 2000;	 Barbour	
2007;	Cuntz	et	al.	2007).	Nevertheless,	our	proposed	method	
might	provide	valuable	new	proxies	from	LPS,	which	could	
be	 directly	 correlated	with	 other	d18O	 records	 derived	 for	
instance	from	ice-cores,	stalagmites	or	deep-sea	sediments.	
Furthermore,	 the	 combination	 of	 dD-	 and	 d18O-analyzes	
might	help	to	assess	the	deuterium	excess	from	LPS	records	
and	 thus	 help	 to	 deconvolve	 in	 future	 the	 varying	 factors	
influencing	the	isotopic	records.	Zech	&	Glaser	(2009)	high-
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Fig. 15: Principle of compound-specific δ18O analyzes of plant-derived monosaccharides in soils. Monosaccharides are released hydrolytically from a soil/
sediment/wood sample and derivatised after purification. The sugar-derivatives eluting successively from the GC-column are converted online to carbon 
monoxide (CO) and the 18O/16O isotopic composition of the gas is measured via a coupled IRMS.
Abb. 15: Prinzip der substanz-spezifischen δ18O-Analytik pflanzenbürtiger Einzelzucker in Böden. Einzelzucker werden hydrolytisch aus Boden/Sediment/
Holz-Proben gewonnen und nach Aufreinigung derivatisiert. Die nacheinander von der GC-Säule eluierenden Zucker-Derivate werden im ‚online‘ Verfah-
ren in Kohlenmonoxid-Gas (CO) umgewandelt und dessen 18O/16O Isotopenzusammensetzung in einem gekoppelten IRMS gemessen.
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ies	 targeting	 lake	 cellulose	 for	d18O	analyzes	 (Wolfe	et	 al.	
2001;	Wolfe	 et	 al.	 2007;	Wissel	 et	 al.	 2008).	 Replacing	 the	
TC/EA-IRMS	measurements	on	the	extracted	cellulose	with	
GC-Py-IRMS	measurements	on	the	hydrolysed	sugar	mono-
mers	 can	 overcome	 the	 common	challenges	 of	 the	 current	
methods,	namely	purity	after	extraction	and	hygroscopicity	
of	the	cellulose.		
Case study: Oxygen isotopic fractionation/exchange ef-













only	 negligibly	 affected	 during	mineralisation,	 and	 it	 also	
indicates	 that	 oxygen	 exchange	 reactions	of	 the	hydroxyl-
oxygen	atoms	do	not	occur.
Having	demonstrated	the	absence	of	degradation	effects	
on	 the	 18O-(hemi-)	 cellulose	 proxy,	 ongoing	 work	 focuses	
on	(i)	eliminating	the	oxygen	atom	in	C1	position,	which	is	
prone	to	exchange	reaction	during	analytical	procedure	and	




4  Concluding remarks
Given	the	meanwhile	extremely	wide	range	of	very	different	
analytical	tools	being	employed	in	loess	research,	including	





We	hope	 that	our	 review	 illustrated	 the	 fascinating	po-
tential	of	the	selected	novel	methods	in	loess	research,	and	
also	 provided	 an	 overview	 over	 the	 current	 shortcomings	
and	 limitations.	Ongoing	 joint	 research	 is	 required	 to	 fur-
ther	develop	and	apply	the	new	methods.	
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